INTRODUCTION:
Processes such as trauma, neurodegenerative disorders, inflammation, and infection may result in spinal cord injury (SCI) and associated neuropathic pain (NP). NP can be difficult to treat and presents an opportunity for advancing research on several issues related to pain, explicitly relating to transcriptional, epigenetic and post-transcriptional research [1] . Effective treatment for relief of NPis currently limited; however, direct delivery of either cellular or biologically active therapeutics into the spinal cord may offer an opportunity for treatment of NP. Distinct role of matrix metalloproteinase MMP9 and MMP2 reported recently in causing NP following spinal nerve ligation in a rodent model [2] . MMP-9 induces NP through interleukin-1β cleavage and microglia activation at early phase of injury and MMP2 maintains NP through interleukin-1β cleavage and astrocyte activation at later phase of injury.
Intrathecal injections of tissue inhibitors TIMP-

Abstract: The incidence of traumatic spinal cord injury (SCI) in the United States is around 12,500 new cases per year with a total prevalence of roughly 276,000 patients. Neuropathic pain (NP) is present in 70% of patients suffering from SCI and is a significant concern.
Most research focuses on small animal models with small spinal cords (SC) where simple diffusion of a pharmaceutical or biologic treatment can have a substantial effect. However, promising molecular, gene and cell therapies for treating SCI and NP often fail to demonstrate efficacy in the much larger human SC where simple diffusion is not strong enough to bring the therapy into a significant portion of the transverse spinal cord.
Additionally, there is a need to visualize, target and control delivery in humans to specific gray matter SC tracts to generate the desired treatment while avoiding undesired side effects. The development of these promising therapies, however, significantly hampered by the lack of a platform for targeted delivery of therapeutics and lack of a relevant large animal model. To address hurdles in delivering agents across the blood/SC barrier, we propose to utilize a CED injection technique that delivers therapeutic agents into neural tissue using a positive pressure gradient that expands the interstitial space and increases fluid penetrance; we have successfully employed CED to overcome limitations of drug delivery in the brain.
1 and TIMP-2 resulted in significant suppression of NP [2] .The study suggested that a dual inhibition of MMP-9 in early phase and MMP2 in late phase of injury alleviate NP. Using Sprague Dawley rat, we have established a contusion SCI-induced NP model that demonstrates expression and activity of MMP9 in early phase and MMP2 in late phase of injury. These results are supported by molecular evidence of β-catenin involved in the WNT signaling pathway, and extracellular signaling kinase within the MAPK cascade (Miranpuri et al., 2016) [3] . Given the limitations of diffusion, larger animals with correspondingly larger spinal cords may require direct infusion of the therapeutics into the spinal cord parenchyma to realize results. However, there is currently no reliable method for infusion of therapeutic agents directly into the spinal cord. In a review published in 2010 from our lab summarized the findings related to the role of RNAi in vivo to study chronic pain and limitations involved in therapeutic agents' delivery methods. The challenges involve in used methods of delivery (intravenous or oral) of siRNA to the CNS in sufficient concentrations because siRNA does not cross the blood brain barrier (BBB) and gets degrade in the blood by end nucleases. Furthermore, delivery could be improved using transfection agents as (cationic lipid i-Fect™, polyethyleneimine, and chitosan-nanoparticles) enabling siRNA directly to the spinal cord through intrathecal injection but the effects of direct delivery have been relatively short-lived.
Newly emerging convection enhanced delivery (CED) technique offers an alternate method to deliver a high concentration of biological therapeutic agents that otherwise do not cross the blood-brain barrier [5] .Despite the promise of CED, several technical barriers such as those relating to the infusate trajectory reflux and poor drug distribution have limited its effectiveness [6] . Drug therapy using direct CED in brain been reported for treating glioma [7] and epilepsy [8] . CED-based in vitro, ex vivo and in vivo animal models have led to active genetherapy trials for treating Parkinson disease (PD)and are supported by histological studies on disease pathology [9] .Use of MRI navigation in some clinical trials, helps accurately targeting and providing real time monitoring of viral vector delivery (rCED). Several researcher labs including ours adopted different small and large animal models exploring use of CED in brain [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . The results from these studies are promising with a suggestion of superiority over intrathecal (IT) injection. Most of these studies have demonstrated that neuronal growth factorinduced enhancement of endogenous neurorestoration may improve neuronal connectivity after severe neurologic injury, particularly if delivered intraparenchymally with zero-order kinetics [26] . The aforementioned experiments suggest that CED technologies will likely have a role in treating SCI, NP, gliomas and other CNS diseases in the future.
The role of ∼20−30 nucleotide RNA molecules known as short interfering (siRNAs) and miRNAs have been reported as critical regulators in the expression and functionality of eukaryotic genomes [27] . Their implication in gene expression and control are generally inhibitory, making the corresponding regulatory mechanism fall under RNA silencing. There are current limitations in the use of RNAi short response as a delivery technique to stimulate RNAi through the cell's natural mechanisms. A mini review from our lab documented the work done on pain using RNAi in vivo [4] .
Recently, several studies have demonstrated the possible role of miRNAs as alternative therapeutic approach for treating SCI-induced NP. In animal models, the dorsal root ganglia, the spinal dorsal horn, and the brain are all areas of miRNA modulation [28] . Following injury, the differential expression of miRNAs in the nervous system may play a role in predicting the development of chronic pain [29] . CED has not been explored extensively as a delivery method for miRNAs in the treatment of NP, recent studies have identified several microRNAs including miR-21, miR-486, miR-20 involved in key mechanisms of SCI such as cell death or astrogliosis, direct evidence on the role of miRNAs in SCI is scarce [30] . Furthermore, from clinical perspective, evidence makes it clear that miRNAs may be potent therapeutic tools that can manipulate cell state and molecular processes in order to enhance functional recovery. In this paper, we will review the extensive history of the use of modeling CED in the brain and spinal cord and discuss the role of siRNA and miRNA therapies in alleviating NP (Figure 1 [5, 6] .Similarly, infusion pressure, flow rate, and volume changes affect infusion success be evaluated across catheter designs [12] . Methods of predicting and detecting infusion protocol variance such as monitoring infusion line pressure changes and altering the infusion to avoid aberrant infusion morphology and catheter reflux are helpful in maximizing therapy are testable in the surrogate brain model. Furthermore, the strategies for the movement of an infusion catheter within the target tissue with respect to order of infusion versus movement and catheter design are testable [5] . Commercially available systems for low volume, pressure monitored infusions may also be tested within the surrogate brain to determine infusion pump requirements for planned and future infusion protocols, including operating requirements such as MRI safety of the infusion system [11] . Findings during research on CED catheter design and development of CED stroke treatment lead to the merger of ultra-sound and CED.CED in regard to volume distributed (Vd), volume infused (Vi) and location using in vitro model, ex vivo brain animal models, in vivo insect, mouse, rat, and non-human primate models of PD have been reported in an effort to validate techniques for benchmarking infusion characteristics across models [9, 10] and adopted for use in human gene-based therapy trials [10] .
Targeted therapeutic testing
Once the targeted therapy delivery factors including location, concentration gradient delivered, and complications such as incomplete target coverage and catheter reflux demonstrated, the modeling comparisons become helpful regarding the specific targeted therapeutic agent. Targeted therapeutics tested in the brain model include viral vector therapies [20, 35, 36, 37] .
MODELING CED IN THE SPINAL CORD
Penetration of macromolecules across the bloodspinal cord barrier is limited for several therapeutic compounds that have potential for treating spinal cord disorders. Macromolecules delivered, distributed regionally in a predictable and homogeneous manner and over significant volumes of naive and traumatized rat spinal cord by employing CED [39] . These characteristics make CED a valuable tool to investigate the therapeutic potential of various compounds for the treatment of injury and spinal cord diseases [39] .Regional convective delivery provides reproducible, safe, region-specific, and homogeneous distribution of macromolecules over large longitudinal segments of the spinal cord. This delivery method overcomes the various obstacles associated with current delivery techniques, as suggested by the increase in the mean Vd/Vi ratio in corresponding studies of macromolecule administration via CED [39, 40, 41] . These findings call for further research done in order to investigate new treatments of various conditions of the spinal cord.
The correlation of injected vector, AAVthymidine kinase (AAV-TK) with varying doses and its distribution into rat brain via CED revealed a clear dose response [42] .CED of AAV-thymidine kinase into the rat brain showed that both subcutaneous osmotic pumps and infusion pumps were able to deliver vectors. However, osmotic pumps resulted in toxicity around brain tissue. Three weeks following CED, vectors were present in both hemispheres of the brain, spinal cord, spleen, and kidney. However, the viability of delivering Adenoassociated virus (AAV-) based vectors to the spinal cord with CED in a rat model not been tested.
Convective delivery to lesion sciatic nerves tested in a rat and primate model with similar injuries [43] . Infusions encounter failure in the first 10 days after injury, the infusion fails to cross the site of injury in crushed or lacerated nerves. Following 14 days of crush injury CED is able to perfuse through the site of injury into the nerves of rats. In primates, the radioactively labeled albumin infuses into the nerve by day 28. The study shows that in laceration injuries, successful convection delivery only occurs when nerve genesis is complete. CED does allow for successful delivery of macromolecules to the site of injury. Could the injured spinal cord also have limited diffusion via CED similar to nerves, needs to confirm. Small silica cannula inserted in peripheral nerve; (10, 20, 30, 40 , and 80 ml) of 14C-labeled or gadolinium-labeled albumin were infused unilaterally or bilaterally into the tibial nerves of primates @ 0.5ml/min; and one primate infused bilaterally with gadoliniumbound albumin (40 ml/nerve) underwent MR imaging 16 weeks after infusion.
Mean Vd/Vi ratio was 3.7+/-0.8; filled long segments of nerve (up to 6.8 cm); radioactivity recovery 75.8+/-9%; no neurological deficits.
Convective delivery of macromolecules into non-traumatized vs traumatized spinal cords: A rat model [39] Infusion of 1, 2, and 4 ml of 14C-albumin infused into the dorsal columns of naive and traumatized rat spinal cords.
Non-traumatized group, Vd/Vi, 4.3+/-0.6; the traumatized spinal cords, the Vd/Vi ratio (3.7+/-0.5);
The use of intraparenchymal infusions in the treatment of localized chronic pain supported by data analyzing the distribution of substance P (SP) nocitoxins in to the human dorsal column [44] . A constant infusion of SP-diphtheria toxin fusion protein (SP-DT' @ 0.1ml /min) exhibited a transverse directed distribution of cytotoxicity in NK1 receptor-expressing neurons within six to eight hours. Catheter placement, high infuscate concentration, and a stable SP analog all favor efficient treatment and distribution. To predict spatial drug distribution in nervous tissue, 3D models needed when analyzing drug delivery methods such as CED [45] . Diffusion tensor imaging (DTI) accurately predicts small volumes of CED into the dorsal white matter column. However, with larger infusion volumes (> 2 ml), albumin loss is greater than predicted.
Single-dose peripheral (intraperitoneal) treatment was compared to CED with relation to use of the anti-West Nile virus neutralizing humanized monoclonal antibody, hE16, in the treatment of WNV infected hamsters [46] . CED via direct administration into the pons protected the hamsters from lethal infection for greater time compared to peripheral treatment. Intraperitoneal administered hE16 identified in a time-dependent manner in the serum, CSR, cerebral cortex, brain stem and spinal cord. A complex fiber-tract organization necessary to enhance the accuracy of diffusion tensor imaging (DTI) -based methods. Another study utilized a 3D interstitial transport modeling approach in which tissue properties and anatomical boundaries assigned on a voxel-byvoxel basis using tissue alignment data from DTI [47] . The model estimates interstitial transport in isotropic and anisotropic tissues with the porous media transport theory. Distribution volumes were comparable for small infusion volumes (<4ml). DTI methodology allows interstitial flows and tracer distributions estimated more quickly following CED into the spinal cord. Quantifying the transport fields is important in order to develop drug-specific models for infusion.
Post-infusion spatial distribution of therapeutic agents is a vital measurement in determining the effectiveness of disease treatment and for perfecting direct tissue infusion technique [48] . Gd-labeled tracers (Gd-albumin), enhanced via MRI, are used to indicate concentration distribution. Gd-tracer technique used for measuring direct tissue infusion effectiveness, when treating nervous system diseases. CED into peripheral nerves might be useful for delivering therapeutics to the intrathecal space or to the fiber bundles entering the spinal cord [49] . The extracellular transport dynamics of Gd-DTPA-albumin tracer during CED into rat sciatic nerves was described in vivo using highresolution dynamic contrast-enhanced MR imaging at 11.1 Tesla. Tracers followed peripheral nerves towards the spinal cord and entered the cerebrospinal fluid and nerve roots at levels L4 and L5. Direct uptake into spinal cord tissues was limited. CED factors such as cannula placement, and underlying tissue structures affected spatial distribution patterns within spinal cord regions. CED into peripheral nerves is able to deliver therapeutics to nerve roots and to intrathecal space surrounding the spinal cord, making it a viable therapeutic tool [49] .
While investigating brain fatal diseases like GM2 gangliosidoses, intracranial co-injection into month-old Sandhoff mice of recombinant adeno-associated viral vectors (rAAV) expressing human β-hexosaminidase α (HEXA) and β (HEXB) prevented disease throughout the brain and spinal cord [50] . Gene transfer confined to the striatum or cerebellum prevented typical symptoms of disease. Infusion of rAAV into CSF space and intraparenchymal administration by CED is able to treat neurodegeneration in several disease states that affect nervous system functioning. BDNF delivered via a micro cannula attached to a sixweek mini-osmotic pump inserted into the spinal cord parenchyma between the site of nerve insertion and hemi section model of rat improved the connectivity at the peripheral motor bridge [51] resulting in hind leg electromyogram response of shorter latency and larger amplitudes, suggesting that therapeutic delivery via CED is effective.
TIMPS THERAPY
MMP-9 induces NP, implicated in IL-1β microglia activation in the DRG and spinal cord. Recombinant TIMP-1, tissue inhibitor of MMP-9, injections (4.5pmol) one day after nerve injury reversed allodynia for more than 24 hours in the early phase, however, no effect on allodynia when given 10 days after nerve injury in the spinal cord [2] .MMP-2 maintain NP, implicated in IL-1β cleavage and MMP-2 expression in GFAP+ astrocytes in DRG and spinal cord. Intrathecal administration of TIMP-2, an inhibitor of MMP-2, at a very low dose (4.5 pmol), reversed SNL-induced allodynia on day 10 [2] .TIMP-1 and TIMP-2 (MMP inhibitors) are powerful therapeutic tools for suppressing NP.
In another study, administration of TIMP1 and TIMP2 has reported to balance enzyme activity of MMP 9 and MMP2, respectively in rat dorsal root ganglia (DRG) following peripheral nerve injury [52] . In situ hybridization exhibited TIMP1 mRNA only localized in DRG satellite cells under normal conditions; however, TIMP1 mRNA increased in satellite cells, and induced within sensory neurons after SNT. Neuronal profiles analysis revealed induced TIMP1 mRNA mainly in small and medium DRG neurons. Induced TIMP1 mRNA predominantly present in activating transcription factor 3 (ATF3)-positive injured DRG neurons. Furthermore, TIMP2 mRNA remained limited within sensory neurons quantitatively lessened at the late phase of PNI.
SIRNA THERAPY
CED is a method for direct infusion of therapeutics not able to cross the blood-CNS barrier and may be a method for delivering macromolecules such as siRNA [11] .Use of a syringe pump system may allow for low-flow infusions. To ensure success, pressure monitoring may be required. If CED to be MRI guided then the supporting systems for CED such as infusion pumps and pressure monitors would need to be MRI compatible.
The utility of using anionic, siRNA nanoparticles developed from PEGylated liposomes, contemplated of therapeutic significance for treating neuronal diseases as compared to cationic Nano complexes use [53] .They evaluated administration of siRNA to BACE1 in the rat brain showed both the silencing of BACE1 and substrate-enzyme specificity and was achieved in vivo following a single CED injection of anionic nanoparticles.
In support of the results of MMP-9 inhibitors, small interfering RNA targeted against MMP-9 in vivo successfully suppressed DRG MMP-9 activity and expression following SNL and delayed the development of allodynia [2] . Conversely, a single injection of exogenous MMP-9 produced rapid mechanical allodynia, which recovered at 6 days. In addition, MMP-9 injections evoked marked microglial activation, as indicated by increased expression of the microglial marker OX-42. MMP-2 treated microglia also showed phosphorylated p38, reversed by subsequent treatment of MMP-9 siRNA treatment. Furthermore, a p38 inhibitor reversed allodynia after MMP-9. Thus, p38 activation in spinal microglia may occur downstream of MMP-9 for mediating nerve injury-induced allodynia. To exclude a role of MMP-9 in late phase NP, researchers used MMP-2 inhibitors in MMP-9 null mice, shown to produce more profound anti-allodynia effect in knockout mice, due to MMP-2 compensation in these mice. SNL-induced allodynia reversed by specific MMP-2 knockdown with a siRNA. Finally, ELISA analysis has shown that IL-1β increases following MMP-2 treatment. Conversely, IL-1β decreases after either MMP-9 siRNA treatment, p38 inhibitor treatment, or by inhibiting IL-1β signaling with a neutralizing antibody. Collectively, these data suggest that allodynia delayed by administration of MMP-9 inhibitors, such as siRNA, p38 inhibitors, and IL-1β blockers.
The development of dendrimer-conjugated magneto fluorescentNano worms, popularly known as "dendriworms", became a modular platform for testing siRNA delivered to the mouse brain in vivo [54] . CED of siRNA to oligodendrocytes silence an endogenous oligodendrocyte-specific gene; 2', 3'-cyclic nucleotide 3'-phosphodiesterase (CNPase); and increase the flow rate of siRNA infusion enhanced mRNA suppression in white matter regions distant from the infusion site [55] . This study demonstrates the potential of siRNAs in the treatment of CNS disorders, specifically oligodendrocyte pathology. While comparing the dendriworms vs mouse brains receiving the siRNA delivery, epidermal growth factor receptor (EGFR; ErbB-1; HER1 in humans) expression levels confirmed that dendriworms act as a multimodal platform to allow fluorescent tracking of siRNA delivery in vivo.
A trinucleotide (cytosine-adenine-guanine) repeated expansion in the hunting tin (Htt) gene is cause of Huntington's disease [56] . A single administration into the adult striatum of an siRNA targeting Htt can silence mutant Htt, attenuate neuronal pathology, and delay the abnormal behavioral phenotype observed in a rapid-onset, viral transgenic mouse model. In a non-human primate brain model, the silencing Htt obtained after sufficient distribution of siRNA that target Htt and high levels of Htt suppression and, thus, could lead to therapeutic benefit [57] .
In glioblastoma cancer research, targeting HIF-1α by siRNA administration in vivo resulted in decreased tumor growth and enhanced survival [58] . The efficacy of IL-13R alpha2 in glioma cells and antitumor activity by cells treated with antisense oligonucleotide or siRNA to IL-13R alpha2 chain considered promising as receptordirected cytotoxic therapy [59] . The data revealed mean tumor size in nude mice receiving intraperitoneal or intratumoral IL-13 cytotoxin was significantly smaller in control tumors and still larger compared to IL-13R alpha2-transfected tumors. However, animals receiving IL-13R alpha2 cDNA intracranial via CED established glioma followed by IL-13 R alpha2 cytotoxin administration by the same route mediated regression and prolonged survival as compared to control animals.
MIRNAS THERAPY FOR TREATING NEUROPATHIC PAIN
Newly emerging studies relating the regulatory role of miRNAs in protein expression and the neuropathic pain associated with peripheral and central sensitization post-injury [60] show promise and further examine the functional role of individual miRNAs. Neuropathic pain decreased with miR23b infusion that occurs as result of the NOX4 gene inactivated, where MiR23b protects GABAergic neurons against ROS/p38/c-JNK apoptotic cell death [61] .A mouse model that utilized NOX4 and miR23b revealed both negative and positive impacts on neuropathic pain. Continually, Spinal nerve ligation (SNL) alters expression levels of miR-96, miR-182, and miR-183, suggesting that these molecules related to chronic neuropathic pain through translational regulation of painrelevant genes [62] . MiRNAs are involved in the post-transcriptional regulation of hundreds of genes and their relationship to chronic pain accompanied by significant changes in gene expression in various types of cells [63] . Different disease processes, such as peripheral nerve injury, inflammatory diseases, cancer, and spinal cord injury show an alteration in miRNA expression suggesting that novel treatments could developed to respond to this alteration. Specific miRNAs may develop as new molecular targets for pain prevention and relief [64] . Sequencing of miRNA utilized to identify miRNAs in primary sensory neurons related to neuropathic pain [65] . MiRNAs may participate in the regulatory mechanisms of genes associated with the pathophysiology of chronic pain as well as the nociceptive processing following acute noxious stimulation [66] .
MiRNA therapy gained popularity following substantial evidence that miRNAs differentially regulate in both dorsal root ganglia (DRG) and the dorsal horn of the spinal cord under diverse pain states. An up regulation of miR-341 in the DRG and down regulation of miR-203, miR-181a-1 and miR-541 in the spinal dorsal horn leads to development of neuropathic pain [29] . Continually, a sciatic nerve ligation (SNL) study shows a drastic decrease in miR200b and miR429 in NAcc neurons [67] . Increased DNMT3a proteins strongly expressed in postsynaptic neurons in the NAcc during a neuropathic pain-like state, as indicated by the presence of DNMT3a-immunoreactivity in the NAcc. The co-relation of upregulation of calcium channel, Cav1.2-comprisingL-type (Cav1.2-LTC) in spinal dorsal horn and downregulation of miRNA-103 implicated in the onset of NP in rats [68] .MiR-103 simultaneously regulates the expression of three subunits forming Cav1.2-LTC in this assimilated regulation. In this antithetical association, miRNA-103 knockdown in naïve rat results in hypersensitivity to pain and intrathecal administration of miRNA-103 successfully attenuate pain.
MiR-96 participates in the regulation of neuropathic pain through inhibiting the expression of Nav1.3 in the DRG of CCI rats [69] . A model of chronic constriction injury (CCI) in the spinal cord was used to show an increased amount of miRNA-155, which is used to identify neuropathic pain [70] . Inhibiting miRNA-155 reversed suppression of cytokine signaling 1 (SOCS1), which in turn overturned the normal inhibitory effects of miRNA-155 on neuropathic pain. The study showed that miRNA-155 is an important target in preventing neuropathic pain development. SNL-induced mechanical allodynia significantly correlated with the decreased expression of miR-183 in DRG cells [71] . Replacement of miR-183 downregulates SNL-induced increases in Nav1.3 and BDNF expression and attenuates SNL-induced mechanical allodynia [72] have both reported a 10-fold decrease in miR-203 expression in the spinal dorsal horns but not the dorsal root ganglions, hippocampus, or anterior cingulate cortexes of bCCI rats. Rap1a protein expression was upregulated in bCCI rat spinal dorsal horns. MiR-203 directly targets the 3'-untranslated region of the rap1a gene, thereby decreasing rap1a protein expression in neuronlike cells. This reveals the possibility of Rap1a in pain. Furthermore, predisposing miRNA expression patterns and inter-individual variations and polymorphisms in miRNAs and/or their binding sites may serve as biomarkers for pain and help to predict individuals at risk of certain types of pain and responsiveness to analgesic drugs.
In vitro validation for predicted target sites in the 3'-UTR of voltage-gated sodium channel Scn11a, alpha 2/delta1 subunit of voltagedependent Ca-channel, and purinergic receptor P2rx ligand-gated ion channel 4 using luciferase reporter assays showed that identified miRNAs significantly modulate gene expression, suggesting that miRNAs may play a direct role in neuropathic pain [73] . The expression and function of miRNA in different animal pain models needs to consider due to the challenge of application and delivery of miRNA in vivo, the potential toxic effects of miRNA and future problems in clinical application [74] . Furthermore, an existing model of miR-134 shows a balanced expression of MOR1 in DRGs in CFA-induced inflammatory pain, which implies that miR-134 may be a potential therapeutic target for the treatment of neuropathic pain including inflammation [75] .
A single miRNA can affect expression of multiple proteins in DRG following peripheral nerve injury exploiting selective proteins may result in acute pain therapy [76] . Testing sural nerve injury by mechanical and cold allodynia or tibia injury by mechanical allodynia, the former injuries resulted in increased expression of seven and decreased expression of four miRNAs. Manipulation of these miRNAs may help prevent neuropathic pain following peripheral nerve injury. Recently, several studies have reported differential expression of miRNAs following different experimental injuries in animal models. Among 373 miRNAs analyzed, 63.7 per cent expressed, however, 13.7 per cent exhibited a change in expression following CCI [77] . Relative decline in expression of miRNA125b on day seven, recovery on day 15 following injury, and minimal changes in expression of miR-132 all demonstrate messenger RNA (mRNA) changes followed by the miRNA changes. The significant changes in expression levels of a several miRNAs in the dorsal horn of the spinal cord of CCI rats contributes towards elucidation of the neuropathic pain mechanisms. In spinal nerve ligated rats, upregulation of miR-195 contributed to lip polysaccharide-induced expression of pro-inflammatory cytokines IL-1β, TNF-α, and iNOS in cultured microglia [78] .Upregulation of miR-195 resulted in increased mechanical and cold hypersensitivity after PNI, whereas miR-195 inhibition reduced mechanical and cold sensitivity. Out of 111 miRNAs, 68% reported earlier and 32% related to the development of tumors of the nervous system and neurodegenerative diseases, few miRNAs, including miR-500, miR-221 and miR-21, relate to CCI-induced NP [79] . In another study miR-134, expression level found inversely related to MOR, the main transcript of μ-opioid receptor (MOR) gene expression [75] . Post inflammatory pain observations included the down-regulation of miR-134 and upregulation of MOR1 in the same tissues. This seems to be the first evidence that intrathecal miR-124 treatment can be used to prevent and treat persistent inflammatory and NP.
Differential expression of hippocampal miRNAs in two rat models comprising of chronic pain chronic constriction injury (CCI) injury and complete Freund's adjuvant (CFA) did not show significant differences in miRNA expression [80] .They recommended further research on investigating correlation among miRNAs, messenger RNAs (mRNAs) and proteins. MiR-341 is upregulated in the DRG, whereas miR-203, miR-181a-1 and miR-541 are downregulated in the SDH under neuropathic pain conditions [29] . The evidence for nerve injury-induced change by noxious stimuli in expression of miRNAs and Kcna2 antisense RNA in the dorsal root ganglion and its implication in neuropathic pain is discussed [81] . Only three of the miRNAs that were expressed abundantly (rno-miR-30d-5p, rnomiR-125b-5p) or moderately (rno-miR-379-5p) were regulated differentially, making them candidates for novel peripheral nervous system determinants of neuropathic pain. Downregulation of miR-7a is causally involved in maintenance of neuropathic pain through regulation of neuronal excitability, and miR-7a replenishment offers a novel therapeutic strategy specific for chronic neuropathic pain [82] . While monitoring higher expression of miR-21 in injured neurons during chronic neuropathic pain state both mechanical allodynia and thermal hyperalgesia attenuated by intrathecal administration of miR-21 inhibitor [82] . Specific ligation of the left fifth lumbar spinal nerve-induced neuropathic pain showed miR-21 expression in the injured DRG neurons, but not neighboring uninjured DRG neurons, was persistently upregulated following the pain development [63, 82] . MiR-21 is specifically upregulated in the injured DRG neurons and causally involved in the late phase of neuropathic pain. In addition, thermal hyperalgesia and mechanical allodynia could attenuate by administration of miR21 inhibitor. Discovering the specific roles of microRNAs in chronic pain has future implications in the creation of micro-RNA related drugs to alleviate pain [63, 82] .
MiRNAs cause gene expressions to switch in key processes of the spinal cord (Nieto-Diaz et al., 2014) [30] . In a rat model, global miRNA expression patterns change as SCI progresses due to the alteration of the expression of cells involved in molecular processes such as apoptosis or astrogliosis. Changes in miRNA expression reported in peripheral nerve injury, inflammatory diseases, cancer, spinal cord injury and neuropathic pain have future implications in the creation of mi-RNA related drugs to alleviate pain [63] . Uncontrollable nociceptive stimulation negatively affects functional recovery in spinal cord injured rats by influencing miRNAs and its associated gene targets [83] . By up-regulating miRNA-124 and miRNA-129, it showed that the miRNAs mediate uncontrollable nociceptive stimulation and utilized in the management of SCI-induced neuropathic pain.
Furthermore, the persistent hyperalgesia in GRK2-deficient mice is associated with an increased ratio of M1/M2 type markers in spinal cord microglia/ macrophages, restored by miR-124 treatment. They have proposed that intrathecal miR-124 treatment might be a powerful novel treatment for pathological chronic pain with persistent microglia activation. A decreased level of microglia miR-124 observed in LysM-GRK2 +/-mice when hyperalgesia became chronic [84] . Administration of miR-124 prevented persistent pain the mice. The ratio of M1/M2 markers restored with miR-124 treatment. Thus, this treatment is potentially very useful in treating chronic pain. In a rat hippocampi following CCI, out of 373 miRNAs analyzed, 63.5 per cent expressed, and 13.7 per cent changed their expressions after testing mechanical and thermal hypersensitivity on the ipsilateral side [77] . The relative expression of miR-125b decreased to 0.70 ± 0.30 at day 7 and recovered to 1.65 ± 0.19 at day 15. Autophagy signaling of miR-195 represents a novel pathway regulating neuroinflammation, offering a new target for therapy of neuropathic pain [78] .
In a diabetic neuropathic pain rat model, some of the induced miRNAs in the lumbar spinal dorsal horn potentially regulate inflammation in genes that were involved in pathogenesis of neuropathic pain [85] . In vivo studies have shown that when deregulated, miRNAs can play a role in post-transcriptional modulation of genes that control pain [28] . In animal models, the dorsal root ganglia, the spinal dorsal horn, and the brain are all areas of microRNA modulation. MicroRNAs have the potential to alleviate pain and serve as markers in disorders such as fibromyalgia and complex regional pain syndrome, as shown through the results of several animal studies [28] . Such changes in miRNAs, which are modulators of posttranscriptional gene expression, can help predict gene expression of targets in the nucleus accumbens (NAcc), a region in the basal forebrain rostral to the area of the hypothalamus [86] . Epigenetic modifications and miRNA modulation may play a role in the neuronal responses and plasticity that induces higher levels of neuropathic pain [87] .
PRACTICAL CONSIDERATIONS FOR USE OF CED IN SPINAL CORD
CED is an advanced infusion technique employed in gel infusion in vitromodels, ex vivo models, and in vivo animal models; adopted for gene therapy of diseases with the goal of delivering therapeutic agents into the brain. injury to the spinalcord in our human -sized swine. We will determine the molecular and histopathological changes that occur at the site of SCI in the swine and assess its translational relevance to those observed in humans.
Furthermore, we can plan to utilize the abovedeveloped swine model to develop minimal invasive surgery (MIS) platform for MRI guided CED of the rapeutics in to the spinal cord for SCI and NP. CED is a technique to deliver therapeutics in to neural tissue using continuous positive pressure gradients that expand the interstitial space and increase fluid penetrance providing homogenously distributed infusions within longitudinal segments of the SC. CED injection in the spine has the potential to deliver the rapeutic agents to a larger (rostral-caudal) portion of the dorsal gray matter. Our group has extensive experience in guiding and monitoring CED treatments in the brain, which can be leveraged to advance the process of developing innovative the rapies in the spinalcord. We also plan to make the animal model available as a preclinical resource for use by other SCI researchers to advance their research and development.
Another focus can be developing MRI protocols to quantitatively analyze drug delivery in spinal cord of WMS. We can develop MR acquisition methods that utilize an MR tracer in the infusate (gadolinium-based contrast agents) in the spine rather than simply produce MR contrastweighted images. Our previous work in the brain indicates that different gadolinium -based tracers can accurately match the distribution volume of small molecule drugs, larger molecules like siRNA or proteins, and virussized particles. We can remove confounding factors (B0 and RF in homogeneity) that hamper accuracy. Using standard OR-based stereotactic guidance, we will create spinal infusions in the swine spinal cord with standard conventional infusions and CED infusions. We can measure the quantitative dosage map with subsequent MR and correlated necropsy. We expect a significant portion of the conventional infusion technique will not have localized to the gray matter but will diffuse to white matter tracts. CED-based infusion will treat a much greater volume of the gray matter and minimize distribution to white matter tracts. These results will enable refined development of MRI protocols and analytical approaches.
We need to develop a complete MRI-guided minimally invasive surgical technique for guiding the catheters into the WMS spinal cord at multiple locations. Treatments may require multiple injections along a certain length of the spinal cord. While pre-operative MRI used to guide catheter insertion into the spine using a stereotactic OR-based procedure, registering two geometries where such high sub-mm precision desired and pushes us to a real-time MR-based solution. We can combine technologies to manipulate devices entering the spine from a distance to simplify the MR-guided surgical procedure. An MR-compatible device guidance system will simplify the procedure, as it does not require multiple transitions between an OR for catheter insertion and MR suite for dosage monitoring. Our experience in the brains of non-human primates can be used to guide devices into optimal locations that minimize loss of infusate to nearby white matter tracts.
We can fabricate the minimally invasive injection hardware platform consisting of two key components: 1) A base device that can be secured and stably attached to the lamina of the spine while allowing stereotaxic adjustments to allow for the angled introduction of the injection catheter into the spinal cord. 2) A fused silica composite injection catheter based on a prototype exclusively available to us along with a catheter introducer made from MRI compatible materials.
Here we expect consistently delivered the catheter tip to a 0.7 mm target within the gray matter of the spinal cord.
We need to predict, monitor, and alter CED infusions in real-time to create ellipsoidal treatment zones using a 5 cm tract along the WMS spinal cord. CED infusions often spheroidal and will require more sophisticated infusion protocols in the spinal cord where infusate will advect along white matter tracts 10 times faster than in gray matter. We will build upon established, FDA-approved predictive brain transport algorithms to predict the infusion volume for a specific catheter location in the spine where MR maps provide segmented volumes of gray and white matter as an initializer. We will use the quantitative MR dosage maps developed as a real-time indicator of the infusate diffusion during CED delivery. We will modify the existing brain transport algorithms to be predictive of future drug distribution in the spine. This way, surgeons will be able to visualize the likely final distribution for each catheter infusion during therapy, allowing them to alter infusion protocols to assure proper distribution.
Validation of WMS spinal cord CED is of utmost significance. We can establish a surgical platform to CED into the spinal cord of WMS in vivo. We can then evaluate tissue and functional damage associated with catheter insertion and infusion of tracking agents and determine the effect of positive flow pressures during CED through infusion pressure monitoring. Establishing CED methodology in the WMS spinal cord can provide the necessary framework to develop MRI protocols and analytical approaches.
The large surface to volume ratio and small axial plane of the spinal cord in small animals makes the distribution of therapies using currently available delivery systems poorly translatable to humans. Further, small animal models often poorly model the complex pathophysiology associated with neurological disease. The use of a more congruent animal model can mitigate these limitations.
Therapies under consideration for SCI treatment include small molecules like folic acid, siRNAs, TIMPS and virally packaged gene therapies targeting NP associated genes, specifically MMP-2 and MMP-9. We expect targeted CED of therapies post-SCI will have quantifiable molecular and functional effects in swine. Demonstration of practical utility in a swine SCI model will provide rationale to pursue CED for additional spinal cord pathologies.
